The MerTK plays several important roles in normal macrophage physiology, including regulation of cytokine secretion and clearance of apoptotic cells. Mer signaling in other cell types, including malignant cells that ectopically overexpress the RTK, leads to downstream prosurvival pathway activation. We explored the hypothesis that Mer has a prosurvival role in macrophages exposed to oxidative stress. H 2 O 2 treatment of peritoneal exudate murine macrophages and J774 cells rapidly stimulated Mer phosphorylation in a concentration-dependent manner. Mer phosphorylation was dependent on the ligand Gas6, as treatment with warfarin or MerFc (a fusion protein of the extracellular domain of Mer and the Fc portion of human Ig), inhibitors of Gas6 activity, blocked H 2 O 2 -mediated activation of Mer. Antiapoptotic signals including pAkt and pErk 1/2 were increased dramatically (threefold and 4.5-fold, respectively) in WT Mer-positive macrophages compared with Mer KO macrophages stimulated with H 2 O 2 . In a consistent manner, Mer expression led to decreased cleavage of proapoptotic indicators PARP and Caspase-3. Furthermore, Mer provided up to twofold enhanced cellular survival to primary macrophages exposed to H 2 O 2 . These data represent the first report of Mer activation in response to oxidative stress and demonstrate the ability of Mer RTK to promote macrophage survival in disease states that involve an oxidative stress environment.
Introduction
The MerTK belongs to the TAM receptor subfamily [1] [2] [3] [4] . The TAM family members have similar extracellular motifs (two Ig-like and two fibronectin III motifs), a transmembrane region, and an intracellular TK domain. The TAM family receptors share a common ligand, Gas6 [5, 6] . More recently, the anticoagulant protein S, which shares significant homology with Gas6, has also been confirmed to be a ligand for Mer and Tyro-3 [7] . Ligand interaction with TAM receptors leads to receptor phosphorylation and activation of downstream signaling pathways that affect cell survival, proliferation, cytoskeletal architecture/cellular shape, and cell migration [3] .
Abnormal expression of Mer leads to a transformed phenotype in fibroblasts [8] and to cytokine-independent growth in lymphocytes [9] . In addition to the in vitro studies suggesting the transforming properties of Mer, abnormally increased Mer expression has been reported in multiple human cancer types including leukemias, lymphomas, gastric cancer, prostate cancer, breast cancer, pituitary adenoma, and rhabdomyosarcoma [3] . In leukemia cells, Mer activation results in reduced apoptosis without a change in proliferation [10] . The survival advantage from Mer signaling provides lymphoblasts a competitive advantage over noncancerous lymphocytes and may contribute to oncogenesis. Mer transgenic mice, which ectopically express Mer in thymocytes and lymphocytes in a similar manner as leukemia patient samples, develop lymphoblastic leukemia/ lymphoma. Furthermore, lymphocytes from Mer transgenic mice demonstrate decreased cell death in response to steroid treatment, suggesting a possible role of Mer prosurvival signaling in cancer cell chemoresistance [11] .
In addition to the abnormal expression and oncogenic role of Mer in cancer cells, biological roles for physiologic expression of the TAM family receptors have been investigated in cells of the nervous, reproductive, vascular, and immune systems. Within cells of the immune system, TAM receptor expression has been detected in NK cells, NKT cells, macrophages, and DC [12] . All three receptors are detected on NK cells and found to be essential for NK cell differentiation [13] . In DC, TAM receptors inhibit TLRs to decrease proinflamma-tory cytokine secretion and help regulate the immune response. TAM receptors are also responsible for attenuating the immune response of macrophages following an inflammatory response [14] . The role in dampening the macrophage immune response is evident in MerϪ/Ϫ mice, which are hypersensitive to LPS-induced endotoxic shock as a result of excessive production of TNF-␣ [15] . MerϪ/Ϫ mice have also been used to demonstrate the need for Mer expression in macrophages for the clearance of apoptotic cells [16] .
In the current study, we evaluate whether Mer mediates a prosurvival function in macrophages under conditions of oxidative stress. We demonstrate Gas6-dependent Mer phosphorylation in response to H 2 O 2 treatment. This activation of Mer leads to significantly increased downstream antiapoptotic signaling via Akt and Erk 1/2 and subsequent decreased PARP and Caspase-3 cleavage in WT Mer-positive macrophages compared with MerϪ/Ϫ macrophages. The antiapoptotic Mer signaling in response to oxidative stress results in increased macrophage survival. We thus describe a previously unrecognized physiologic role for Mer in macrophages, which allows these cells to survive and function in conditions and disease states that produce increased ROS.
MATERIALS AND METHODS

Animals
WT C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). MerϪ/Ϫ mice (KO) mice, generated by deletion of exon 17 of the TK domain [15] and lacking expression of Mer protein, were kindly provided by Drs. Glenn Matsushima and H. S. Earp (University of North Carolina, Chapel Hill, NC, USA). The care of animals and experimental procedures were in accordance with the guidelines of the University of Colorado Center for Comparative Medicine (Aurora, CO, USA).
Cell culture
The mouse macrophage cell line J774 was obtained from American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM supplemented with 10% FBS. Macrophages were incubated under conditions of 10% CO 2 . To recruit peritoneal exudate macrophages, WT and Mer KO mice were injected i.p. with 1.5 ml 3% thioglycollate. After 72 h, mice were killed, and cells were harvested from the peritoneal cavity. Macrophages and J774 cells were plated in DMEM with 10% FBS at a density of 2 ϫ 10 6 cells/well in a 12-well plate for Mer activation experiments/immunoblots or 4 ϫ 10 5 cells/well in a 12-well plate for cell survival experiments and were incubated overnight at 37°C prior to treatment.
Cell treatments
To stimulate cells with H 2 O 2 or Gas6, J774 cells or peritoneal exudate macrophages were plated at a concentration of 2-2.5 ϫ 10 6 cells/well in 12-well plates and starved in serum-free media for 2 h. Cells were stimulated with 100 -1000 M H 2 O 2 or 200 nM mouse rGas6 (R&D Systems, Minneapolis, MN, USA) for 10 min at 37°C prior to preparation of whole cell lysates. We have demonstrated previously that this concentration of Gas6 induces phosphorylation and activation of Mer in J774 cells [17] .
To evaluate the effect of warfarin on Mer activation, mouse peritoneal exudate macrophages were cultured in DMEM containing 10% FBS and 1 M warfarin (Sigma Chemical Co., St. Louis, MO, USA) for 44 h. Experimental and control (nonwarfarin-treated) cells were placed in serum-free medium, with or without 1 M warfarin for an additional 3 h and treated with 800 M H 2 O 2 for 5 min. Cells were lysed, and Mer activation was analyzed by immunoprecipitation and immunoblotting with anti-pMer antibody.
Immunoblotting
Cells were lysed in buffer [50 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM EDTA, 10% v/v glycerol, 1% v/v Triton X-100, 1 mM sodium orthovanadate, 0.1 mM sodium molybdate, and protease inhibitors (Roche, Nutley, NJ, USA)] and placed on ice for 10 min. Protein supernatant was collected by centrifugation.
For analysis of proteins in the conditioned medium, cell culture media were collected after treatment and concentrated using a Millipore Amicon (Bedford, MA, USA) centrifugal filter (molecular weight cutoff, 30,000). Immunoprecipitation was performed on cell lysates obtained from exposure to H 2 O 2 , with and without treatment with warfarin to ensure detection of the potentially low-concentration pMer protein. Cell lysates were incubated with mouse Mer antibody (R&D Systems) on ice for 30 min. Protein G beads (Invitrogen, Carlsbad, CA, USA) were added, and the combination was rotated for 1 h at 4°C. Supernatant was discarded, and bead complexes were washed with lysis buffer twice. Protein was denatured from the bead/ antibody complex with SDS containing sample buffer and separated by SDS-PAGE as described below.
Cell lysates, conditioned medium, or immunoprecipitated proteins were resolved on 8% SDS-PAGE gels and transferred to nitrocellulose membranes. The immunoblots were probed with the following antibodies at concentrations recommended by the manufacturer protocols: 
ELISA analysis
To measure Gas6 secretion, J774 cells were incubated 3 or 6 h in serumfree medium, and 800 M H 2 O 2 was added during the last 15 min of incubation. Gas6 in the culture supernatant was measured using a Gas6 ELISA (R&D Systems), according to the manufacturer's instructions. Experiments were performed in triplicate.
Survival analysis
Primary peritoneal exudate mouse macrophages from WT or Mer KO mice were starved in serum-free DMEM, with or without 200 nM MerFc (a fusion protein of the extracellular domain of Mer and the Fc portion of human Ig) or RetFc (a commercially available fusion protein of the extracellular domain of the Ret receptor and the Fc portion of human Ig; R&D Systems), for 2 h and then stimulated with 400 M H 2 O 2 for 3 h at 37°C. Cells were rinsed with PBS and stained with 500 l trypan blue, digital images were taken, and cells were assessed for trypan blue exclusion to determine viability. Cell counting was done in triplicate, and the survival assays were performed in three independent experiments.
Statistical analysis
All graphs and statistical analyses were performed using Prism v. 4.0a (GraphPad Software, San Diego, CA, USA). Densitometry analysis involved a one-tailed paired t-test. Survival analysis used a two-tailed paired t-test.
RESULTS
MerTK is activated by H 2 O 2 in a concentrationdependent manner
H 2 O 2 , in concentrations ranging from 20 m to 5 mM, will activate several RTKs, including EGFR [18] , platelet-derived growth factor receptor [19] , and Axl [20, 21] . Based on this known concentration range of H 2 O 2 used to activate other RTKs, we tested a range of 200 M to 1 mM H 2 O 2 to discern the concentration that sufficiently activates MerTK in the mouse macrophage cell line J774 and in primary exudate mouse peritoneal macrophages. In J774 cells, pMer was detected over a range of 400 -1000 M H 2 O 2 , with a maximum Mer activation at 800 M (Fig. 1A) . Treatment with H 2 O 2 did not alter total Mer expression. These data represent the first report of MerTK activation in response to oxidative stress.
In thioglycollate-elicited peritoneal exudate macrophages, pMer was detected first at a concentration of 200 M with substantial Mer activation at 400 -600 M H 2 O 2 (Fig. 1B) . Thus, for all further experiments, 800 M H 2 O 2 was used for activation of Mer in J774 cells, and 400 M H 2 O 2 was used for activation of Mer in peritoneal exudate macrophages. To demonstrate specificity of pMer detection, peritoneal exudate macrophages from WT and Mer KO mice were treated with 400 M H 2 O 2 . pMer was detected in the macrophages from WT mice but not Mer KO mice (Fig. 1C) . The Mer and pMer proteins detected in J774 cells and peritoneal exudate macrophages were 200 -205 kDa, consistent with the reported size of Mer in macrophages [17] . Mer activation at these concentrations was found 1-30 min after addition of H 2 O 2 , and maximal Mer phosphorylation was detected 5-10 min after addition of H 2 O 2 (unpublished results). A 5-to 10-min H 2 O 2 treatment time has also been selected in experiments, demonstrating activation of other RTKs [19, 20] . Based on these data, 10 min was selected as the treatment time for H 2 O 2 stimulation of Mer.
H 2 O 2 activation of Mer is mediated by Gas6
In J774 macrophages, pMer was detected after treatment with 200 nM Gas6 for 10 min ( Fig. 2A) in a similar manner as was noted with treatment of the J774 macrophages with 800 M H 2 O 2 . As reported previously, phosphorylation of Mer mediated by the ligand Gas6 can be blocked via ligand sequestra- tion using MerFc [17] . Interestingly, MerFc was also able to abrogate pMer in response to H 2 O 2 ( Fig. 2A) , suggesting a role for Gas6 in Mer activation following macrophage exposure to H 2 O 2 .
These results are consistent with previous reports that have established a direct effect of H 2 O 2 to enhance TK activity via reversible inactivation of protein tyrosine phosphatases [22, 23] . The inactivation of protein tyrosine phosphatases, likely via cysteine oxidation of the phosphatases [24, 25] , allows the balance of phosphorylation/dephosphorylation to be tipped in favor of increased TK activation. Thus, in our system, the pres-
Additional support for the role of Gas6 in Mer activation following macrophage exposure to H 2 O 2 was provided by pretreating J774 cells with warfarin prior to H 2 O 2 stimulation. Warfarin inhibits ␥-glutamyl carboxyltransferase, which is necessary for the activation of vitamin K-dependent proteins, including Gas6. Other reports have confirmed that Gas6, in the presence of warfarin for 2-5 days, can be rendered incapable of activating TAM family receptors [20, 26, 27] . We found that pretreatment of J774 cells with warfarin for 44 h inhibited the activation of Mer in response to H 2 O 2 stimulation (Fig. 2B) . Although warfarin treatment is not specific to Gas6, these data are consistent with the observation that functional Gas6 is necessary to initiate Mer activation in this system, and the likely role of H 2 O 2 is to sustain the activation provided by the ligand.
In addition to the known effect of H 2 O 2 on phosphatase inhibition, a potential, direct effect of H 2 O 2 on Gas6 ligand availability was addressed. Gas6 is secreted continuously by J774 macrophages into conditioned media; however, the level of Gas6 secreted by the macrophages was not enhanced by H 2 O 2 at 3 and 6 h following H 2 O 2 administration (Fig. 2C) . In a similar manner, we did not detect increased levels of Gas6 from conditioned media of H 2 O 2 -treated primary exudate macrophages or J774 cells by Western blot analysis (data not shown). These data further support the hypothesis that the primary effect of H 2 O 2 on Mer activation in macrophages is via the known inhibitory effect of H 2 O 2 on phosphatases rather than a direct effect on the initiation of receptor activation.
H 2 O 2 treatment of primary macrophages leads to Mer-dependent phosphorylation of Akt and Erk 1/2
The effect of H 2 O 2 treatment on sustained Mer activation and downstream signaling in macrophages was evaluated using primary thioglycollate-recruited peritoneal macrophages from WT mice and MerϪ/Ϫ mice lacking Mer protein (Mer KO) on the macrophage surface. Peritoneal exudate macrophages from WT C57BL/6 mice expressed Mer as shown previously (Fig. 1B) . H 2 O 2 treatment of the Mer-expressing macrophages significantly increased activation of pAkt and pErk 1/2, which are known downstream targets of Mer (Fig. 3C) [9 -11] . In contrast, the effect of H 2 O 2 on pAkt and pErk 1/2 was diminished significantly in Mer KO macrophages (Fig. 3A) . Quantitative densitometric analysis revealed that H 2 O 2 -mediated phosphorylation of Akt was 67% lower in Mer KO macrophages relative to WT macrophages (Pϭ0.035; Fig. 3B ). Similarly, H 2 O 2 -mediated pErk was 78% percent lower in Mer KO macrophages relative to WT macrophages (Pϭ0.0003; Fig. 3C) . This dramatic reduction in pAkt and pErk 1/2 in in the absence of Mer suggests a predominant role of Mer in activating these antiapoptotic pathways in macrophages exposed to oxidative stress.
Mer protects primary macrophages from H 2 O 2 -induced apoptosis
Cleavage of PARP and Caspase-3 is the final step in cell signaling leading to apoptotic cell death. Although macrophage exposure to H 2 O 2 rapidly stimulates activation of apoptotic pathways, the effect of an apoptotic trigger on PARP and Caspase-3 cleavage occurs hours later. PARP and Caspase-3 cleavage was detected as early as 3 h in Mer KO macrophages treated with H 2 O 2 . However, macrophages from WT mice, which express Mer and activate antiapoptotic proteins such as Akt and Erk 1/2 in response to H 2 O 2 , had less PARP and Caspase-3 cleavage (Fig. 4) . The decreased PARP and Caspase-3 cleavage detected in Mer-expressing macrophages suggests that MerTK mediates protection from apoptotic cell death when macrophages are exposed to oxidative stress.
Mer provides a functional survival advantage to macrophages treated with H 2 O 2
To extend the findings suggesting activation of antiapoptotic signaling pathways in Mer-expressing macrophages exposed to oxidative stress, experiments were conducted to test for a direct functional effect of Mer expression on macrophage cell survival in the presence of H 2 O 2 . Peritoneal exudate macrophages from WT mice were serum-starved for 2 h and treated with H 2 O 2 for 3 h. Cell survival was then determined by trypan blue exclusion. The Mer-expressing WT macrophages were treated with H 2 O 2 in the presence and absence of MerFc (Fig. 5) . In the presence of the Mer inhibitor, H 2 O 2 reduced survival of WT macrophages 48% relative to untreated control. However, in the absence of Mer inhibition, H 2 O 2 reduced survival of WT macrophages only 25% relative to untreated control. This increase in macrophage survival with a functional MerTK was statistically significant (Pϭ0.01). There was no significant difference between H 2 O 2 alone and H 2 O 2 following pretreatment with the negative control molecule, RetFc.
To confirm the observation of decreased cell survival with MerFc inhibition of Mer, cell survival assays were performed with primary macrophages isolated from Mer KO mice, in which H 2 O 2 reduced survival of macrophages 63% relative to untreated control WT macrophages (Fig. 5) . However, the presence of Mer in the WT mice restricted the H 2 O 2 -mediated reduction in cell survival to 23% of untreated WT macrophages. The increase in macrophage survival as a result of the presence of Mer was statistically significant (Pϭ0.03). Thus, the presence of a functional MerTK enhanced survival significantly in response to oxidative stress.
DISCUSSION
This report represents the first observation that the MerTK is activated in response to oxidative stress. Specifically, macrophages activate Mer upon exposure to H 2 O 2 , which occurs in the human body under a variety of physiologic conditions and disease states. Phagocytic cells produce superoxide anion and H 2 O 2 via reduction of O 2 by a NADPH oxidase complex. In addition, many cell types produce low levels of superoxide anion and H 2 O 2 in response to extracellular stimuli, including cytokines and growth factors [24] . Increased ROS are noted in diseases such as Alzheimer's disease, Parkinson's disease, diabetes, cancer, cerebral and myocardial ischemia, and atherosclerosis. ROS are also found in conditions of inflammation, sepsis, or treatment with chemotherapeutic agents [28] .
The primary effect of H 2 O 2 on Mer activation is likely through transient and reversible inhibition of phosphatase ac- tivity, an effect of H 2 O 2 reacting with the redox-sensitive invariant cysteine residue in the active site consensus motif of tyrosine phosphatases. Other groups [25, 29, 30] have previously established this effect of H 2 O 2 on the inhibition of phosphatase activity. Although the specific phosphatase that acts upon Mer has not been identified, the putative intracellular phosphatase, C1 domain-containing phosphatase and tensin homologue, has been localized with the related Axl protein [31] . The effect of H 2 O 2 on phosphatase activity alone is not sufficient to account for H 2 O 2 -mediated activation of Mer, as we demonstrated through the lack of Mer phosphorylation when macrophages were exposed to H 2 O 2 in the presence of MerFc (to sequester Gas6) or warfarin (to render Gas6 nonfunctional). These data suggest that H 2 O 2 -mediated potentiation of Mer requires the presence of a functional Mer ligand for initial receptor activation.
ROS can pose a threat to macrophage survival through damage to DNA, protein, and lipids. Cellular survival depends on the ability of cells to adapt to or resist the stress. As part of an adaptive process, cells respond to H 2 O 2 by activation of cell signaling pathways. The activation of TKs has been shown to be responsible for cellular survival responses to oxidative stress. For example, in the cervical cancer HeLa cell line, activation of Akt in response to H 2 O 2 was mediated predominantly via EGFR signaling [18] . Furthermore, the Axl RTK was critical for Akt signaling when vascular smooth muscle cells were treated with H 2 O 2 [20] . In a similar manner, we have found that pAkt and pErk 1/2 appear to occur primarily through a Mer-dependent process in macrophages exposed to H 2 O 2 . The H 2 O 2 -dependent pAkt and pErk 1/2 in MerϪ/Ϫ macrophages was reduced to 33% and 22%, respectively, of that observed in WT H 2 O 2 -treated macrophages, respectively (Fig. 3) . The increased activation of antiapoptotic pathways such as Akt and Erk 1/2 led to decreased apoptotic cell death, as evidenced by the decreased Caspase-3 cleavage and PARP cleavage in Mer-expressing macrophages as compared with MerϪ/Ϫ macrophages exposed to H 2 O 2 (Fig. 4) . These findings were confirmed further by the functional observations of a significant increase in cell survival following H 2 O 2 treatment of Mer-expressing macrophages compared with macrophages with inhibited Mer signaling, whether through pretreatment with MerFc or use of MerϪ/Ϫ macrophages (Fig. 5) . This significant dependence on the presence of Mer suggests a predominant role for this TK in macrophage survival in the presence of oxidative stress.
Although we have confirmed that Gas6 is present and functional in our system, it is also possible that protein S may play a role as an alternative ligand for Mer activation in macrophages. Both ligands can activate Mer and can bind MerFc [17, 32] . Futhermore, warfarin has been shown to affect the activity of Gas6 via decarboxylation [26] , and warfarin also decreases the production and specific activity of protein S [33, 34] . A lack of existence of necessary murine protein S reagents precludes our ability to decipher the role of protein S in our system at the current time, but this should be evaluated further in future studies.
In addition to the role of Mer in macrophage survival, Mer signaling has been implicated in macrophage clearance of apoptotic cells. Although MerϪ/Ϫ macrophages bind apoptotic cells appropriately, Mer is required for engulfment and efficient clearance of apoptotic cells [16, 35] . The Mer ligands Gas6 and protein S are also important in the process of apoptotic cell clearance. The N-terminal region of Gas6 and protein S contains a ␥-carboxyglutamic acid domain that binds phosphatidylserine residues on the apoptotic cell [36] , and the C-terminal region of the ligands binds the TAM receptors [37, 38] . Thus, the Gas6 and protein S ligands serve effectively as a bridge between the apoptotic cell and the MerTK. For protein S to stimulate phagocytosis effectively via Mer, auto-oxidation and oligomerization of protein S must first occur, a process enabled by interaction of protein S with phosphatidylserine on the apoptotic cell [39] . In a similar manner to the use of MerFc in this report to block Mer activation and thus, impact macrophage survival, Mer inhibition with MerFc has also been shown to block macrophage clearance of apoptotic cells [17] . The inefficient clearance of apoptotic cells in MerϪ/Ϫ mice leads to the presence of autoantibodies and the development of signs of autoimmunity [16, 40] . The degree of autoimmunity is enhanced in mice lacking all three TAM receptors on the macrophages [41] .
An additional role of Mer in macrophage function is to prevent potentially harmful sustained inflammatory responses by regulating the release of proinflammatory cytokines. The role of Mer in proinflammatory cytokine secretion was reported in studies using LPS stimulation of MerϪ/Ϫ monocytes/macrophages. MerϪ/Ϫ macrophages produced elevated levels of TNF-␣ and had increased NF-B nuclear translocation in response to LPS. Furthermore, MerϪ/Ϫ mice died of increased proinflammatory secretion/toxic shock following LPS challenge, and the control WT mice survived [15] . These observations suggest a function for Mer in the attenuation of release of proinflammatory cytokines following exposure to bacterial endotoxin.
The recognized contributions of Mer in macrophage clearance of apoptotic cells, release of proinflammatory cytokines, and now, macrophage survival in response to oxidative stress demonstrate Mer's role in macrophage physiologic functions. Other immune cells, including DC [42] [43] [44] and NK cells [13] , are dependent on TAM TK signaling for critical cellular responses. Thus, the activation and downstream signaling of TAM receptors are important in the innate immune response and the ability to help prevent disease progression. The ability of Mer to promote enhanced macrophage survival in an oxidative stress environment permits the macrophage to persist in critical tasks of modulating the host response to disease. 
